Purpose: Lower barometric air pressure at altitude can affect competitive performance of athletes in some sports. Reported here are the effects of various altitudes on elite track-and-field athletes' performance. Methods: Lifetime track-and-field performances of athletes placed in the top 16 in at least 1 major international competition between 2000 and 2009 were downloaded from the database at tilastopaja.org. There were 132,104 performances of 1889 athletes at 794 venues. Performances were log -transformed and analyzed using a mixed linear model with fixed effects for 6 levels of altitude and random quadratic effects to adjust for athlete age. Results: Men's and women's sprint events (100-400 m) showed marginal improvements of ~0.2% at altitudes of 500-999 m, and above 1500 m all but the 100-and 110-m hurdles showed substantial improvements of 0.3-0.7%. Some middle-and longdistance events (800-10,000 m) showed marginal impairments at altitudes above 150 m, but above 1000 m the impairments increased dramatically to ~2-4% for events >800 m. There was no consistent trend in the effects of altitude on field events up to 1000 m; above 1000 m, hammer throw showed a marginal improvement of ~1% and discus was impaired by 1-2%. Above 1500 m, triple jump and long jump showed marginal improvements of ~1%. Conclusions: In middle-and long-distance runners, altitudes as low as 150 to 299 m can impair performance. Higher altitudes ( 1000 m) are generally required before decreases in discus performance or enhancements in sprinting, triple and long jump, or hammer throw are seen.
The impairment in aerobic power at altitude is in large part due1 to the drop in the partial pressure of inspired oxygen (and subsequently blood oxygen saturation) that accompanies the decrease in barometric pressure. On the other hand, the decreased air density that accompanies the drop in barometric pressure also reduces aerodynamic resistance (drag), which can be beneficial to certain athletic performances. The substantial effects of altitude on athletic performance were exemplified by the number of world records broken in track and field during the 1968 Olympic Games held in Mexico City (2340 m). At these games world records were set in all men's sprinting events (including the relays) and equaled in the 800-m run. 1 World records were also set in the men's long jump and triple jump (5 times by 3 different competitors). Similarly, in the women's events, world records were set in the 100-m, 200-m, 4 100-m relay, and the long jump. 1 Moreover, many of the world records that were set in the 1968 Olympic Games lasted for a number of years; for example, the men's long-jump record lasted for almost 23 years and still has only been beaten once. Other records set at Mexico City were later surpassed by performances set at altitude.
Although numerous comprehensive theoretical modeling studies exist to explain the effects of altitude on track-and-field performance, [2] [3] [4] [5] [6] [7] detailed effects on actual performance change in elite athletes during world-class competitions are rare. Jokl et al 8 investigated the winning performances at the 1968 Mexico Olympic Games and found that the men's 100-m, 200-m, and 4 100-m relay times were 1% faster than the existing world records for those events, while in the men's 400-m, 400-m hurdles, and 4 400-m relay, winning times were 2% to 4% faster than the previous world record. In the men's distance-running events (3000-m steeplechase, 5000-m, 10,000-m, and marathon) winning times were 4% to 6% slower than the current world records. In the women's events, the winning performances in the 100-m, 200-m, and 4 100-m relay were all ~1% faster than the world record at the time, while in the 400-m and 800-m, winning times were only slightly slower than the world record. 8 In 1968 the longest running event for the women was the 800-m. In the only other previous study that investigated the effect of altitude on elite running performance in competitive events from 100 m to 10000 m, Hollings et al 9 found that altitudes at or above 1000 m can have beneficial (100-m sprint to 400-m hurdles) and detrimental (race distances of 800 m and above) effects on men's running events. Some researchers suggest that endurance performance can be affected at much lower altitudes (580-800 m). 10, 11 In addition, the effect of altitude on actual throwing and jumping performances and in some women's track-and-field events remains unknown. Therefore, the aim of this study was to extend our previous work on the same data set (track-and-field performances of athletes placed in the top 16 in at least 1 major international competition between 2000 and 2009) 9 by taking an empirical approach to quantify the effects of varying altitudes on men's and women's track-and-field performance in official competitions.
Methods
We used a methodology similar to that of a previous study 9 where competition performances for all male and female track-and-field athletes who finished in the top 16 of their event at all major international competitions between 2000 and 2009 were taken from the tilastopaja.org Web site. The data consisted of 132,104 performances of 1889 athletes at 794 venues in 18 men's and 18 women's events. The details of the events, altitudes, and number of performances are listed in Table 1 .
\<<<<<<<<<<TABLE 1>>>>>>>>>>>>>\
Other information captured from the tilastopaja.org Web site included venue name and standard of competition (Olympic Games, World Athletics Championships, World Junior Athletics Championships, etc). To find the altitudes of each venue we initially searched for the venue location in Google Earth (version 6.2.1.6014) with the "show elevation" option engaged. Venues that were not found in Google Earth were investigated by searching for either the venue name or the city or town name in a general Google search and then finding the appropriate information on the altitude of each location. We discarded all performances from Zurich, Switzerland (408 m), due to the probable compounding effects of monetary incentives and on pacing assistance on performances. We also excluded performances achieved on an indoor oversized track (ie, circumference >200 m) to standardize for the number of bends athletes need to negotiate for any set distance. If athletes were subsequently disqualified from competition (for any reason), the performance was also discarded. One female athlete was responsible for almost 50% of the high-jump performances at altitudes of 1000 m and over 1500 m. Since the data set from these 2 altitudes was highly influenced by this 1 individual athlete we decided to treat her as an outlier and have removed her from the data set.
Performances were analyzed using a mixed linear model (Proc Mixed, version 12.0, SAS Institute Inc, Cary, NC) with fixed effects for 6 levels of altitude (<150 m, 150-299 m, 300-499 m, 500-999 m, 1000-1499 m, and over 1500 m) and random quadratic effects to adjust for the age of each athlete. The model accounted for standard of competition, wind, and venue (indoor or outdoor) effects on performance. Sea level is generally accepted to be 150 m, and the other 5 altitudes were based on 2 factors: There is almost a linear decrease in maximal oxygen uptake ( V O2max) and performance with increasing altitude over the typical altitudes found in the data set (~300-1300 m), 11 and the higher the altitude the fewer performances available to analyze. Therefore, we chose smaller-altitude divisions up to 500 m (200-m divisions) to get more precise calculations on performance change and larger-altitude divisions above 500 m owing to the lower subject numbers at the higher altitudes.
Effects of altitude and their uncertainty (90% confidence interval) were estimated after log transformation 12 and shown as percentage differences from sea level (<150 m). We used magnitudebased inferences 12 by declaring effects clear when the confidence interval did not include substantially positive and negative values; these values were defined by 0.3 times the within-athlete variability in performance between competitions and amounted to ±0.2%, ±0.3%, ±0.6%, and ±0.8% for running <3000 m, running 3000 to 10,000 m, and jumping and throwing events, respectively. 12, 13 Thresholds for moderate and large changes were defined by 0.9 and 1.6 times the within-athlete variability, respectively. 12 The overall effect of increasing altitude in a given event was assessed in a qualitative fashion by taking into account any apparent trend in the effect of increasing altitude and the consistency in the effect for male and female athletes. Other possible confounding factors such as such as seasonal changes, weather differences, and timing of competitions will all contribute to the error but only skew the results if there is a systematic effect; therefore, we have not accounted for these other effects in the model.
Results
Altitudes below 500 m in most cases had a clearly trivial effect on time to complete sprinting events on the track (Figure 1) . Clear enhancements for 100-and 400-m men's sprint times were observed when athletes performed at altitudes of 500 m and above, whereas clear enhancements in sprint times for women were only found when performing at altitudes of 1500 m and above. The effect of altitude on men's and women's sprinting times was mostly small, rising to moderate for the men's 100-m sprints at 1500 m (-0.7% ± 0.2%, mean ± 90% confidence interval).
\<<<<<<<<<<FIGURE 1>>>>>>>>>>>>>\
In contrast to sprinting, undertaking distance races at venue locations as low as 299 m can result in increased time to complete the race ( Figure 2 ). For men competing in running events 800 m and longer, small but clear impairments were found when performing at venues with altitudes of 150 to 299 m above sea level. Similar effects were observed in women's events 1500 m and longer. In most cases the performance impairments for both men's and women's distance running increased as altitude increased, going from small impairments at the lower altitudes to very large impairments at venues situated at 1000 m and above. For example, in men, 5000-m running performance was impaired by 0.7% ± 0.3% at 150 to 299 m but 3.5% ± 0.6% at 1500 m. Similarly, in women, 5000-m performance was impaired by 0.6% ± 0.4% at 150 to 299 m and 3.2% ± 0.7% at 1500 m.
\<<<<<<<<<<FIGURE 2>>>>>>>>>>>>>\
In men, triple-jump (1.0% ± 0.8%) and long-jump (1.1% ± 0.6%) performance showed a small but clear enhancement at altitudes of 1500 m, whereas performance effects in all jump events below 1500 m were either trivial or unclear (Figure 3) . Similar results were observed in the women's jumping events, with little change occurring at venue altitudes below 1500 m and small but clear increases in triple-jump (1.4% ± 0.7%) and long-jump (1.0% ± 0.6%) performances at 1500 m.
\<<<<<<<<<<FIGURE 3>>>>>>>>>>>>>\
Altitudes of venues situated at 1000 m or more above sea level have a small but clear impairment on discus-throwing ability in men (-1.9% ± 0.6%, -1.9% ± 0.7% for 1000-to 1499-m and 1500-maltitude venues, respectively) ( Figure 4 ). On the other hand, hammerthrow performance for men was likely to be enhanced to a small degree at altitudes of 500 to 1499 m (1.2% ± 0.4%, 0.9% ± 0.8% for 500-to 999-m and 1000-to 1499-m-altitude venues, respectively). Effects of altitude on all other throwing performances for men were either trivial or unclear. Similar to the men, the women's discus performance was impaired at higher altitude (-1.4% ± 1.3% at 1500 m). In addition, small but clear enhancements in women's hammerthrow performances (1.3% ± 1.0%) were found at 1000 to 1499 m altitude.
\<<<<<<<<<<FIGURE 4>>>>>>>>>>>>>\

Discussion
Results indicate that altitudes as low as 500 to 999 m provide a small beneficial effect on 100-and 400-m running performance in men, while beneficial effects were clear for women's sprinting only at altitudes of 1500 m and above. Taking into consideration the uncertainty in the effects, the real effect of sprinting at altitudes at 500 m and above is similar for men and women. Enhancements in sprinting performance found in this study (~0.2-0.7%) corroborate estimates made by previous researchers using mathematical modeling 4 or comparing sea-levelwith altitude-based performances. 14 Since sprinting requires relatively low contributions of energy from aerobic metabolism, 15 it is relatively unaffected by the lower maximal aerobic power that occurs at altitude as a consequence of the decreased partial pressure of inspired oxygen. The increase in sprinting performance is likely to be due to the reduction in air density with elevation in altitude, which provides less resistance for the fast-moving sprinters. The relatively higher contribution of aerobic metabolism to 400-m running performance (37% compared with 6% in the 100-m 15 ) probably contributed to the smaller performance gains found at higher altitudes for the 400-m runners in this study.
We suspect that the smaller altitude effect on hurdling performance, which confirms previous mathematical modeling, 16 is related to the differences in race format between hurdles and sprints. ). Because the air resistance or aerodynamic drag force is approximately proportional to the square of the velocity, 2 hurdlers do not get as much benefit of the reduced air density at altitude, owing to their lower velocity.
Performance impairments found with increasing altitude for the distance-running events were similar to the predicted results of Péronnet et al. 4 For example, Péronnet et al 4 predicted 2.8% impairment in performance in the men's 10,000-m race when run at 1045 m altitude. The results of this study indicate the impairment was 3.1% when raced at altitudes of 1000 to 1499 m.
An interesting finding from this study was that altitudes as low as 150 to 299 m caused a small but important impairment in endurance-running performance, particularly over longer distances. Gore et al 10 also reported a substantial decrease in 5-minute cycleergometer power output of ~6% at a relatively low altitude (580 m). 10 It is thought that the drop in the partial pressure of inspired oxygen (PIO2), subsequent to the decreased barometric pressure with increasing altitude, also reduces the oxygen content of arterial blood and diminishes V O2max. 18 Indeed several studies have reported that V O2max declines with moderate altitude.
10, [19] [20] [21] [22] [23] [24] [25] More recently, Wehrlin and Hallen 11 investigated the effects of different altitudes (300-2800 m) on V O2max and concluded that the majority of the reduction in V O2max was due to the reduced oxygen availability in such hypoxic environments. 11 Because these longer distance-running races rely more on the aerobic metabolic energy system to supply ATP compared with the shorter distances (800, 1500, and 3000 m), 15 the reduction in arterial oxygen content and subsequent V O2max over a longer race duration is responsible for the performance impairment.
Long-and triple-jump performances in men and women were enhanced when performed at altitudes of 1500 m and above. Performance in these 2 jumps is associated with (among other variables) aerodynamic drag. 2 For the jumper, this decreased drag can affect performance by increasing the initial takeoff velocity. It has been estimated that 3% of Bob Beamon's world-record long jump of 8.90 m set at the Mexico City Olympic Games was due to the altitude. 2 Approach speed is also an important factor for the pole vault, and the beneficial effect of reduced aerodynamic drag on takeoff speed and therefore vaulting performance is estimated to be 2.0% at 2340 m 2 ; however, we found no clear change in performance in the pole vault.
Because of the reduced takeoff speed in the high jump (and therefore less influence of reduced aerodynamic drag), and possibly negative effects of altitude on lift, 26 we suspected that altitude would have little effect on performance, which was borne out in the men's and women's results.
Several factors affect the distance a thrown implement travels: projection velocity, projection angle, and aerodynamic drag. Since aerodynamic drag is influenced by air density, which changes with altitude, it has been suggested that altitude may play a role in events that involve throwing objects. 5 From our results it seems that altitude can be both beneficial and detrimental to throwing performance. For example, we found that altitudes from 500 m were likely to enhance hammer-throw distance, particularly in men, while altitudes above 500 m were clearly detrimental for men's discus performance. Results from previous mathematical modeling suggested similar increases in hammer-throw performance with altitude. 5 Presumably, shot-put performance would also increase with altitude due to the drop in air density. 5 However, because aerodynamic drag is proportional to the square of the velocity, 2 we suspect that the lack of any beneficial effect on shot-put performance is related to the slower release velocity of this implement. In addition, we suspect that a lack of subject numbers at the higher altitudes may have influenced this result and suggest that more subject numbers are required in future studies to get a clearer picture.
Performance changes due to altitude in the discus and javelin are complicated further by the fact that these 2 implements are affected by the additional force of aerodynamic lift. 26 Frohlich 6 calculated a small impairment in discus performance at 1000 m (approximately -8.5 cm, or 0.1% of the then-current world record of 71.2 m). However, this impairment can also be affected by temperature, atmospheric pressure, and wind. 6 Our results showed a clear impairment in men's discus performance from 1000 m and above. The impairment was not as obvious in the women's discus, which may be due to the interaction between the flight mechanics of the discus and the lighter mass and smaller surface area of the women's discus (1 kg compared with the men's 2 kg). It seems that at altitude, the lower air density has a detrimental effect on aerodynamic lift over and above any beneficial effects it has on aerodynamic drag, resulting in shorter discus flight times and a drop in performance with increasing altitude.
Decreased air density at altitude should also result in a drop in the aerodynamic lift and drag for the javelin. Indeed, previous researchers estimated that the altitude of Mexico City (2340 m) would result in a reduction in javelin distance by 2%. 7 However, this computation was on the old-rules javelin, which has since been superseded by new rules in 1986 for men and in 1999 for women. To our knowledge such analysis has not been performed on the new javelins, which have been redesigned to reduce flight distance. The trivial or unclear effects of altitude on javelin performance found in this study may therefore be a result of a number of factors including the effect of reduced air density on newly designed javelins' aerodynamic lift and drag but also their flutter and spin characteristics.
Data from Zurich were excluded from this analysis because we felt that the influence of monetary reward at this meet was likely to contribute to nonnormal data. The Zurich meet is typically held after a major championship, and athletes are specifically recruited to Zurich by way of financial incentives and the opportunity to have pacemakers in distance-running events. Therefore, the likelihood of better performances at Zurich compared with other international events is considerable. Although prize money is undoubtedly offered at other venues, the only clear outlier was Zurich.
The results of this study would appear to confirm athletics statistician's practice of designating performances achieved at altitudes of 1000 m with an A (to designate that the performance was achieved at altitude) with respect to women's sprints and men's and women's triple and long jump. However, reconsideration of this designation is required in other events due a beneficial effect occurring at a lower altitude (men's 100-and 400-m sprints and men's hammer throw). Moreover, it appears that distance runners may suffer considerable impairments in performance at altitudes as low as 150 to 299 m.
Practical Applications
Given the results from our study, one has to question why sprinters, horizontal jumpers, and male hammer throwers do not use the advantage of competing at altitude to attempt to improve their personal bests, set records, or meet World Championships qualifying marks.
Conclusions
Track-and-field performances of elite athletes are clearly affected by altitude (sometimes as low as 150-299 m). On one hand, altitude can have a beneficial effect on performance (eg, sprinting [except for hurdles], triple jump, long jump, and hammer throw), but on the other hand, it can have a detrimental effect (middle-to long-distance running and discus). Athletes, coaches, and administrators should be aware of the potential for such performance change with variations in the altitudes of athletic venues. 
